Large-scale experimental exclusion of lugworms (Arenicola marina) from 400 m 2 intertidal fine sand revealed significant effects of their bioturbation and bioirrigation on sediment characteristics, benthic infauna composition, and the dominant mineralization and benthic-pelagic exchange processes in the sediment. Absence of lugworms resulted in sediment clogging with organic-rich fine particles, an eightfold decrease in sediment permeability, low oxygen penetration depths, and accumulation of reduced mineralization products in the pore water. The sand flat inhabited by lugworms had low fine-particle and chlorophyll contents and low sulfide and nutrient concentrations in the pore water. The effects were not limited to the vicinity of lugworm burrows but extended throughout the entire sediment down to ,20-cm depth. Sediments with the lugworm shared the characteristic of low-organic, advection-driven permeable sand rather than of muddy, diffusion-dominated sediments in the absence of lugworms. Areal oxygen uptake rates depended strongly on hydrodynamic conditions: under calm conditions, sedimentary oxygen uptake was slightly higher at the exclusion site. Experimental flushing using controlled hydrodynamic conditions showed that oxygen uptake at the lugworm site would be higher during more dynamic conditions (e.g., storms) due to significantly deeper oxygen penetration permitted by higher sediment permeability. Our results indicate an interactive effect of bioturbating organisms and hydrodynamics on water-sediment exchange processes and highlight the importance of benthic infauna for sedimentary processes even in physically dominated systems.
Biogeochemical cycling and mineralization processes in coastal marine soft sediments are controlled by the interplay of physical variables and the activities of bottom-dwelling organisms (Malcolm and Sivyer 1997; Reise 2002 ). In exposed porous sand, wave-and currentinduced pressure gradients result in advective pore-water flow deep (.20 cm) into the permeable sediment (Huettel et al. 1998; D'Andrea et al. 2002; De Beer et al. 2005) . The supply of oxygen to the sediment regulates the distribution of microbial communities (Fenchel and Finlay 1995) and, in turn, organic matter degradation and nutrient cycling (Mackin and Swyder 1989) . Despite the low organic content, conversion rates in permeable sand can be high due to efficient input of oxygen and organic matter, and removal of degradation products (Werner et al. 2006) .
Macrofaunal activities, i.e., bioturbation and burrow ventilation may become the predominant driver of benthicpelagic solute and particle exchange in more sheltered, cohesive sediments (Kristensen 1988; Aller 1998; Glud et al. 2003) . Recent studies suggest that a significant role of bioturbating and bioirrigating infauna for the sedimentwater exchange is not limited to cohesive sediments and not restricted to the vicinity of animal burrows: In permeable sand, macroinfauna pump water across the burrow wall inducing advective pore-water flow through the surrounding sediment (Wethey and Woodin 2005; Timmermann et al. 2006) . Bioturbation of the seafloor often results in a pitand-mound topography at the sediment surface which generates pore-water pressure gradients under flow conditions that drive advective pore-water flow through the permeable sand (Huettel and Gust 1992) . The selective ejection of fine-grained material into the water column may furthermore increase the bulk sediment permeability of the inhabited area (Ziebis et al. 1996) . Thus, the combined direct and indirect effects of bioturbation and bioirrigation may considerably affect overall exchange rates between inhabited sediment and the overlying water.
The advective input of oxygen as the most energetically favorable electron acceptor strongly affects rates of organic matter degradation in marine sediments (Thamdrup and Canfield 2000) . The permeable seabed can be vertically divided into an open region, where the solute exchange is rapid due to physically and biologically driven advective pore-water flow, and a closed region, where comparably slow exchange is governed by diffusion (Fig. 1) . It can be speculated that dense populations of bioturbating macroinvertebrates can significantly extend the open exchange regions by their own bioirrigation, by maintaining the sediment permeability, and by creating a pit-and-mound topography of the sediment surface. Manipulated laboratory microcosms are a commonly used approach for the study of the effects of macrofauna on benthic metabolism and sediment-water exchange (e.g., Banta et al. 1999) , but the exclusion of physical forces has been shown to affect the magnitude of macrofaunal effects (Papaspyrou et al. 2007 ). In situ experimental works remain few (Huettel 1990; D'Andrea et al. 2002) , presumably due to difficulties in manipulating species composition and measuring oxygen fluxes in an open and fluid system (Biles et al. 2002) . Moreover, small-scale approaches may alleviate possible effects of macrofaunal activities due to lateral particle and pore-water exchange between manipulated plots and the surrounding sediment, especially in dynamic environments like intertidal sand flats.
Here, we present a large-scale experimental in situ approach to explore the effects of bioturbating lugworms (Arenicola marina) on physical sediment properties and geochemical exchange processes in intertidal fine sand. Deposit-feeding lugworms are the dominant large burrowing macrofaunal species and consequently the major source of sediment bioturbation and bioirrigation in intertidal sediments of the Wadden Sea (North Sea, Europe). They rework large amounts of sediment, create a characteristic pit-andmound topography at the sediment surface, and actively irrigate their J-shaped burrows (review by Riisgård and Banta 1998). Since defecation occurs at the sediment surface, and tides and waves spread out the feces mounds over the entire sediment surface during submersion, we hypothesize an increased resuspension of fine particles, which will ultimately lead to a significant loss of fine material from lugworm-populated areas and a larger permeability enhancing sediment-water exchange processes.
We speculate that even in physically dominated systems, macrofaunal activities may considerably affect benthicpelagic exchange processes. Based on this speculation, we conducted experiments on a 400 m 2 lugworm-exclusion area and the adjacent lugworm-inhabited sediment, situated in the low intertidal and on a nearby permeable sand in the shallow subtidal zone. Two years after lugworms were excluded, we analyzed sediment and pore-water characteristics at the three sites. Furthermore, we de- termined oxygen exchange rates using the combination of ex situ oxygen optode imaging, in situ microsensor oxygen profiling, and sediment core incubations. Our goal was to identify whether differences in sediment characteristics at the lugworm and the exclusion sites affect benthic-pelagic exchange processes of the inhabited sediment under varying physical conditions of intertidal sand flats.
Methods
Study site and lugworm-exclusion area-The study was conducted on a sand flat in a sheltered bay (55u029N, 08u269E) near the island of Sylt, Germany. In 2002, a largescale, long-term lugworm exclusion experiment was commenced by inserting a 1-mm meshed net 10-cm deep into the sediment, blocking the burrows of A. marina over an area of 400 m 2 . The large size of the experimental plots was chosen to minimize effects of lateral sediment transport typical of sandy intertidal flats. For control, an area of the same size next to the exclusion plot was disturbed with a backhoe in the same way, but without inserting the net. Lugworms were permanently excluded by the net, while abundances remained 20-30 individuals (ind.) m 22 at the control site (Volkenborn and Reise 2006) .
A. marina lives in 20-40-cm-deep J-shaped burrows, ending in a U-shape with a vertical head shaft through which surface sediment slides down, is ingested by the worm, and defecated as a fecal mound at the sediment surface above the tail shaft. Selective feeding by lugworms on small particles (,80 mm) results in the formation of a coarse shell debris layer in the feeding depth of ,20 cm (Hylleberg 1975) . For respiration, oxygen-rich surface water is pumped through the tail shaft into the burrow and subsequently through the permeable walls of the feeding pocket and into the surrounding sediment by means of peristaltic movements (review by Riisgå rd and Banta 1998). Roughly 90% of the total 4,300-km 2 intertidal area of the Wadden Sea consists of ''lugworm flats,'' populated by 20-40 ind. m 22 . Abundances are low to zero in soft mud, and also in clean, unstable sand exposed to strong currents or waves near the low water line and below (Beukema 1976; Reise 1985) .
The measurements presented here were conducted on the exclusion and the control plots two years after the experimental setup. Sediments at the study site are moderately sorted fine sand with a median particle size of 230 mm. Additional investigations were done at a nearby (2 km) subtidal site with an advective-driven permeable sand, composed of moderately well-to well-sorted medium sand with a median grain size of 340 mm Werner et al. 2006 ). Salinity at all sites varies on average between 27.5 in spring and 31 in summer, and freshwater upwelling is negligible. Mean tidal range is 1.8 m. Emersion time of intertidal experimental plots in the intertidal is ,3-4 h per tide. Tidal currents are the dominant hydrodynamic force, but wave action becomes important when winds blow from northern and eastern directions. Further details regarding sediment characteristics and biota at the study site are provided by Austen (1994) and Reise (1985) . Since the aim of the present study was to analyze the effects of a dominant bioturbator on the biogeochemistry of marine sands beyond the vicinity of burrows, all sampling and measurements at the lugworm site were done $10 cm apart from the nearest lugworm cast or funnel.
Solid-phase analysis-Samples for sediment and porewater analyses were taken randomly from the central part of the experimental plots and at least 10 cm away from lugworm casts or funnels. From each site, four parallel cores (10 cm 2 , 10-cm depth) were taken for sediment analysis. After homogenizing 1-cm slices from the parallel cores, three subsamples of ,3 g were taken from each depth, freeze dried, and kept at 220uC until further handling. The rest of the sediment was used for pore-water extraction by blowing with pressurized nitrogen gas (see following). Two of the freeze-dried subsamples were used for the determination of particulate organic carbon : particulate organic nitrogen (POC : PON) and chlorophyll a (Chl a) content, which was done in triplicate. For the determination of particulate organic matter, 75 mg of homogenized sediment was treated with 1 mol L 21 HCl to remove carbonates, dried (1 h, 70uC), and analyzed with a C : N analyzer (Thermo-Finnigan Flash EA 1112). Chl a concentrations were measured spectrophotometrically according to Lorenzen (1967) using supernatant obtained by centrifugation (5 min at 4,000 rpm) of 1-g sediment samples extracted in 10-mL acetone (90%) overnight at 4uC. The third freeze-dried subsample from the exclusion and lugworm site was used for grain-size analysis using a laser particle sizer. Prior to the analysis, samples were treated with acetic acid (30%) to remove carbonate particles, with hydrogen peroxide (30%) to remove organic compounds, and with ultrasonic to separate associated particles. The fine fraction was additionally estimated by dry sieving samples pooled from 20 locations within each plot taken with a 2-cm 2 core to 5-cm depth. Sediment permeability was estimated by the constant head method (Klute and Dirksen 1986) . From each site, three 10-cm 2 cores (,8-cm depth) were taken, and the time needed for the passage of 1 mL of seawater was measured under four different hydrostatic pressures, ranging from a 5-cm to 30-cm water column (0.5-3.0 kPa).
Pore-water extraction and analysis-Multiple pore-water samples were collected simultaneously with a ''pore-water lance'' from six different depths (3, 5, 7, 10, 15, and 20 cm) while maintaining anaerobic conditions (Huettel 1990) . A polyvinylchloride (PVC) plate at the sediment surface was used to prevent intrusion and mixing with the overlying water, and a steel tip allowed penetration of the net and sampling of sediment layers deeper than 10 cm. From each of four randomly chosen locations within one experimental plot, ,5 mL of pore water was retrieved. The first 2 mL was discarded to rinse the tygon tubing. The pooled 20-mL samples were filtered (0.45-mm nylon filter) and frozen at 220uC (for phosphate and ammonium analyses) or stored dark at 4uC (silicate analysis) until measurements were taken with an autoanalyzer ( were measured with the colorimetric methylene blue method (Fonselius 1983) . Sampling with the pore-water lance was only successful in the intertidal area (exclusion and lugworm plots).
A second pore-water extraction method was based on blowing out pore water with pressurized N 2 gas. This method was applied for all sites and enabled pore-water extraction with higher spatial resolution. One-centimeter slices from four parallel cores (10 cm 2 ) from each site were pooled. Pore-water samples of ,5 mL were obtained and analyzed as described above.
Planar optode measurements (ex situ)-Depth profiles of volumetric oxygen consumption rates in the sediment were determined by the flow-through method (Polerecky et al. 2005) . The employed planar oxygen optodes (Glud et al. 1996) and the luminescence lifetime measuring system (Holst and Grunwald 2001) allowed the determination of oxygen concentrations and consumption rates with high spatial resolution and in two dimensions (2D).
In June 2004, five parallel cores from the exclusion and four parallel cores from the lugworm plot were investigated with the flow-through technique. The sampling cores, equipped with planar oxygen optodes, had a surface area of 7.5 3 7.5 cm. Sediment was sampled to a depth of 10 cm. Cores were percolated with in situ seawater under pressures ranging from 0-cm to 50-cm water column (0-5 kPa). After oxygen distribution reached a steady state, percolation was stopped, and oxygen images were recorded every 10 s. The initial images allowed quantification of oxygen penetration depth at a given hydrostatic pressure. Sedimentary volumetric oxygen consumption rates (OCR v , expressed per volume of pore water) were calculated as described in Polerecky et al. (2005) . Due to low permeability of the exclusion site sediment, a vacuum pump was used to increase the hydrostatic pressure in order to reach deeper oxygen penetration and thus allow quantification of OCR v in deeper sediment layers. OCR v rates were averaged in a horizontal direction, resulting in high spatial resolution depth profiles of potential volumetric oxygen consumption rates (denoted as OCR v [z] ). Using the oxygen penetration depth, z p , measured in situ by the microprofiler (see below), areal oxygen consumption rates (OCR a ) were calculated as OCR a (z p )~ð
Sediment porosity, w, which was used to express the OCR v (z) values per volume of sediment, was estimated from 1-cm sediment slices taken from sampling cores to a depth of 5 cm by determining the weight loss after drying the sediment at 60uC.
Sediment core incubation (ex situ)-Independent measurements of oxygen fluxes over the sediment-water interface were done using sediment core incubations. Plexiglas cores with a diameter of 8.3 cm were taken to a depth of ,10 cm and were brought to the nearby laboratory and left overnight in a water bath (150 liters) with site water at in situ temperature (12uC). Sealed cores were submerged with 0.8 liters of site water, and a magnetically coupled stirring system in each core was suspended ,6 cm above the sediment surface, rotating at 50-60 rpm. To determine areal oxygen consumption and photosynthesis rates, sediment cores were incubated in the dark and in the light, respectively, for ,5 h while oxygen concentrations were measured in the overlying water. Water samples (50 mL), analyzed by Winkler titration, were taken 1, 3, and 5 h after the incubation started with a syringe and replaced by air-saturated site water. Since the illumination intensity in the light incubations varied between 20 and 30 mmol photons m 22 s 21 (measured 1 cm above the sediment surface by a LI-COR Quantum Sensor UF-SQS/L), the light oxygen fluxes were normalized to 30 mmol photons m 22 s 21 , assuming a linear relationship between the light intensity and oxygen production for the observed intensity range. At the end of each incubation, Chl a content in the top centimeter was estimated, and cores were sieved through a 500-mm mesh for the identification of macrofauna species. Their biomass was determined as ash-free dry weight. Sediment core incubations were done in April 2004 using four cores from the exclusion site and three cores from the lugworm and subtidal sites.
Microsensor measurements (in situ)-Large infauna and hydrodynamic forcing considerably influence the in situ sedimentary oxygen consumption. These phenomena are, however, excluded or difficult to mimic in core incubation measurements (Huettel and Gust 1992; Glud et al. 2003) .
To quantify OCR a , we therefore additionally combined in situ oxygen penetration depths measured by microsensors and volumetric oxygen consumption rates revealed by planar oxygen optode imaging (see above). Microsensor measurements were done with an autonomous profiler. Day and night profiles from exclusion and lugworm plots were measured continuously in 20-min intervals during the submersion period (,10 h) in April 2004. For daytime measurements, the autonomous profiler was equipped with two Clark-type oxygen microelectrodes (Revsbech 1989) . During the night, a sulfide microsensor (Jeroschewski et al. 1996) was added. Profiling was done in 150-mm steps to a depth of 10 cm. Approximately 20 profiles were obtained with each microsensor during one submersion period from which oxygen penetration depths (z p ) and sulfide distributions were determined as a function of time.
Macrofauna sampling-Macrofauna sampling at the intertidal sites was done by counting animals retained with a 1-mm sieve from eight randomly chosen cores (area of 100 cm 2 , depth of 10 cm). Sampling at the subtidal station was done from a ship using a 14 3 14 cm box-core. Six parallel cores to a depth of ,15 cm were taken and sieved through a 500-mm mesh. Macrofauna sampling was done in August 2002 August , 2003 August , and 2004 .
Statistical analysis-One factorial analysis of variance (ANOVA) was applied to test for differences of sedimentary oxygen fluxes, chlorophyll content, and macrobenthic biomass among the three sites in sediment core incubations. Data were square-root transformed to achieve homogeneity of variances (Cochran's test). Posthoc tests were done using the Tukey honestly significant difference (HSD) procedure on a p , 0.05 level. Macrobenthic community response to the experimental treatments in the intertidal was analyzed by univariate ANOVA analysis of (log + 1)-transformed abundance data and multivariate similarity percentages (SIMPER) procedures (using the software package PRIMER v5).
Results
Solid-phase analysis-Sediment characteristics differed significantly between sites. Sediment permeability at the lugworm plot (2.6 3 10 212 m 2 ) was eightfold higher than at the exclusion plot (0.3 3 10 212 m 2 ). The highest permeability was found in the subtidal sand (23.4 3 10 212 m 2 ), which was nine times more permeable than the sediment at the lugworm plots and ,70 times more permeable than the sediment from the exclusion site ( Fig. 2A) . The amount of fine particles (,63 mm) in the top 5 cm of the sediment was highest at the exclusion (1.5 wt%), medium at the lugworm (0.66%), and lowest at the subtidal station (0.14%, Fig. 2B ). The distribution of the fine fraction (Fig. 3A) was significantly positively correlated with the distribution of particulate organic carbon (Fig. 3B ) (r 2 5 0.933; p , 0.001). Fine particles and associated organic material were rather homogenously distributed over the top 15 cm on the lugworm and the subtidal site, slightly decreasing with depth, while sediment from the exclusion plot showed a clear horizontal stratification with fivefold higher values at the sediment surface and twofold higher values between 4-cm and 7-cm depth. Chl a concentrations were highest in surface sediment of the exclusion plot (,40 mg g 21 dry sediment), compared to less than 20 mg g 21 dry sediment on the lugworm and the subtidal plots (Fig. 3C ). In the sediment from the subtidal station, high concentrations of Chl a were found to a depth of 5 cm, while Chl a concentrations in the intertidal were concentrated in the top centimeter. Assuming a POC : Chl a ratio of 60 (De Jonge 1980), microphytobenthos made up ,25% of the total POC in the top centimeter of the intertidal sites, and more than 50% at the subtidal site (Fig. 3D) .
Pore-water analysis-The presence of lugworms strongly affected pore-water nutrient concentrations. Pore-water extraction with pressurized N 2 enabled the characterization of silicate and ammonia profiles with high vertical resolution for the top 10 cm at all three sites (Fig. 3E,F) . At the exclusion site, silicate and ammonia concentrations were more than twofold higher throughout the upper 10 cm compared to the lugworm and the subtidal sites. An additional characteristic of the exclusion site was concentration peaks in ,6-cm depths of .200 mmol L 21 silicate and .150 mmol L 21 ammonia.
The profiles obtained by the pore-water lance sampling technique indicated a deep flushing effect of A. marina (Fig. 4) . Nutrient profiles on the exclusion plot exhibited an almost linear increase from 7 cm downward, reaching maximum concentrations of ammonium, phosphate, and silicate of 400, 30, and 270 mmol L 21 , respectively, at a depth of 20 cm. In contrast, maximum concentrations of ammonium, phosphate, and silicate on the lugworm plot were found at depths of 527 cm. Accumulation of nutrients in the absence of lugworms was evident during all seasons (Fig. 4) .
Sulfide concentrations on the lugworm site were below 20 mmol L 21 at all depths, while high sulfide concentra- tions were encountered on the exclusion plot, reaching concentrations of more than 200 mmol L 21 below 10-cm depth. Microsensor measurements revealed high sulfide concentrations (up to 150 mmol L 21 ) below 6-cm depth at the exclusion site directly after submersion and below 8-cm depth during high water and thereafter (profiles not shown). Over the entire tidal cycle, moderate sulfide concentrations (20-50 mmol L 21 ) were additionally detected at depths of 228 cm. At the lugworm site, no sulfide was detected.
Oxygen consumption rates-Depth profiles of potential OCR v obtained from the planar optode imaging data (oxygen images not shown) are shown in Fig. 5A . The rates on the lugworm plot ranged from 0.6 to 1.5 mmol cm 23 h 21 and were almost constant in the top 20 mm. OCR v in the sediment from the exclusion site steeply increased with depth. In the top 2 mm, average OCR v values were ,0.6 mmol cm 23 h 21 and comparable to OCR v on the lugworm site, but they reached rates of up to 4.2 mmol cm 23 h 21 at a depth of 15 mm. Higher standard deviations also indicated a much higher horizontal variability of OCR v at the exclusion site.
Using the depth profiles of OCR v and Eq. 1, potential OCR a values were calculated as a function of oxygen penetration depth (Fig. 5B) . The increase of potential OCR a with depth was much stronger on the exclusion plot than on the lugworm plot. For the upper 10 mm, the potential OCR a were the same at the two plots. However, for z p . 10 mm, the exclusion plot showed significantly higher potential OCR a .
When the oxygen penetration depths at various hydrostatic pressures (Fig. 6A) are combined with the depth profiles of OCR v (Fig. 5A) in Eq. 1, it is found that, at a given pressure, the sediment from the lugworm site has a much higher potential for oxygen uptake than the sediment from the exclusion site (Fig. 6B ). This may sound somewhat surprising, since OCR a at the exclusion site increased more steeply with z p than at the lugworm site (Fig. 5B) . The explanation is that, under the same hydrostatic pressure, the lower OCR v rates at the lugworm site are compensated by a much greater volume of flushed sediment facilitated by higher sediment permeability.
In the dark, oxygen uptake rates measured by sediment core incubations were significantly different (F 2,9 5 11.46; p , 0.01) among the three sites (Table 1 ). The oxygen fluxes at the subtidal site (0.79 6 0.04 mmol m 22 h 21 ) were significantly lower than at the exclusion site (1.4 6 0.3 mmol m 22 h 21 ; Tukey HSD test, p , 0.01) but only slightly lower than at the lugworm site (1.15 6 0.09 mmol m 22 h 21 ; Tukey HSD test, p . 0.05). Oxygen fluxes during daytime were spatially much more variable than dark fluxes and not significantly different between the sites. Gross photosynthetic oxygen production was very similar in all plots (2.2-2.4 mmol m 22 h 21 ).
Oxygen penetration into sediment and in situ areal oxygen consumption rates-Ex situ steady-state oxygen distributions obtained by optode imaging during the percolation of the sediment cores with aerated seawater demonstrated that oxygen penetration, at a given pressure head, was clearly deeper in the sediment from the lugworm site (Fig. 7) . This is quantitatively shown in Fig. 6A . The primary reason for this observation was the significantly higher permeability of the sediment in the lugworm site, which allowed higher flow rates of water through the sediment and thus more efficient delivery of oxygen by advection. Images in Fig. 7 also indicate that the pressure-induced water flow occurred preferentially in channels, indicating inhomogeneities in sediment permeability caused by the presence of polychaete burrows.
In situ oxygen and sulfide microprofiles were measured in April 2004 at the exclusion and lugworm sites during a period of calm and sunny days. No clear differences in oxygen penetration depth were observed between day and night, nor between ebb and flood measurements at both sites (Fig. 8A) . On many occasions, the shape of profiles indicated bioirrigation events, resulting in subsurface oxygen concentration peaks and increased oxygen penetration depths. These events were more frequent at the lugworm site, where approximately half of the profiles had increased oxygen penetration depth up to 20 mm, whereas less than 10% of profiles at the exclusion site were affected. Oxygen penetration depth was higher and temporarily more variable at the lugworm site (13.0 6 6.6 mm) than at the exclusion site (9.3 6 4.9 mm).
Combining the in situ time series of oxygen penetration (Fig. 8A ) and the planar optode measurements of OCR v (Fig. 5A) , OCR a values were calculated for both experimental sites (Fig. 8B) . Overall, OCR a was temporarily more variable at the lugworm site (2.4-7.2 mmol m 22 h 21 ) than at the exclusion site (4.8-9.0 mmol m 22 h 21 ). At the exclusion site, two bursts of OCR a were the result of the deep oxygen penetration due to macrofauna activity (see Fig. 8A ). During times of low variability, i.e., when the profiles were not affected by bioirrigation (e.g., the first 4 h), OCR a was threefold higher at the exclusion site.
Macrofauna-In the course of the experiment, the macrobenthic community at all three sites was dominated by a small number of species (Table 2 ). The species composition considerably differed among years and sites. In the first year, adult Nereis (Hediste) diversicolor and tube-building polychaetes Pygospio elegans and Polydora cornuta settled preferentially on lugworm exclusion plots. The lugworm site was dominated by free-burrowing oligochaetes (Tubificoides benedii) and polychaetes (Scoloplos cf. armiger). This shift in the benthic community from free-burrowing species in the presence of lugworms to tubebuilding species in the absence of lugworms was also evident in the following years. At the subtidal site, the freeburrowing species Scoloplos cf. armiger and Spio martinensis without a permanent burrow system were the dominating species in all years. Macrofauna biomass at the intertidal sites was almost tenfold and significantly higher than at the subtidal site (Tukey HSD test, p , 0.05).
Discussion
Large-scale exclusion of the lugworm A. marina from intertidal fine sand resulted in the clogging of the sediment Fig. 7 , while data in (B) were calculated by combining values in (A) and the measured volumetric oxygen consumption rates (Fig. 5A ). With increasing hydrostatic pressures, higher oxygen penetration at the lugworm site overcompensates the lower volumetric OCR, resulting in higher areal OCR. Table 1 . Diffusive oxygen fluxes across the sediment-water interface in the light (at 30 mmol photons m 22 s 21 ) and in the dark based on sediment core incubation measurements. Gross photosynthetic oxygen production was calculated as the difference between the light and dark fluxes. Negative values indicate fluxes from the water into the sediment. Mean values and standard deviations (SD) were obtained from n54 (exclusion), n53 (lugworm), and n53 (subtidal) replicate measurements. Values of macrofauna biomass (ash-free dry weight; AFDW) and Chl a content in the sediment indicate that the lugworm tidal flat combines the high secondary production of the lugworm exclusion site with the low microphytobenthic biomass in the subtidal sediment. matrix with fine particles and associated organic material and a significant decrease of sediment permeability (from 2.6 3 10 212 m 2 to 0.33 3 10 212 m 2 , which is lower than the minimum value of 121.5 3 10 212 m 2 needed for significant advective water exchange; Huettel and Gust 1992) . Lugworm exclusion and the associated decrease in sediment permeability resulted in an accumulation of mineralization products in the pore water. Conversely, lugworm presence inhibited these intertidal sand-flat developments. Assuming diffusion-dominated mudflats (with a relatively narrow open region) and advection-dominated permeable sand (with a wider open region) as two extreme types of intertidal flats, our large-scale exclusion experiment indicates that lugworms are responsible for maintaining a sandy and permeable habitat. Lugworms increase the volume of the open region by preserving sediment permeability, by their own bioventilation, and by sustaining a habitat that favors other bioirrigating species and inhibits tube-building infauna. Pore-water profiles of phosphate, silicate, and ammonium indicated an efficient removal of degradation products in the sediment inhabited by the lugworm. The depletion of nutrients was evident in different depths and several centimeters away from lugworm burrows, indicating that the effects of lugworm presence on pore-water chemistry are not limited to the areas adjacent to their burrows but may affect the characteristics of the entire permeable sediment (at least of the top 20 cm investigated in this study).
Exclusion
The presence of A. marina inhibited the accumulation of fine particles and associated organic material, presumably as a result of continuous bioturbation of the sand flat. Lugworm abundances at our study site correspond to a reworked sediment layer of ,10 cm yr 21 (Cadée 1976). Due to their greater chance of being swallowed, small particles are preferentially deposited onto the sediment surface within the fecal casts (Hylleberg 1975) . Although the casts of Arenicola may persist over several tidal cycles under calm conditions, they are often washed away by waves and currents within minutes after submersion under windy conditions. This may possibly be the leading mechanism resulting in a significant loss of the fine fraction from the sediment and in the maintenance of high sediment permeability.
Lugworms reduced the biomass of microphytobenthos. Benthic microalgae play a major role in the sediment dynamics of intertidal sand flats (Paterson 1989) and affect the frequency and magnitude of erosion events (Grant et al. 1986 ). Extrapolymeric substances excreted by benthic diatoms trap fine particles and stabilize sediments (Yallop . Low microphytobenthic biomass may thus have contributed to the reduced silt accretion at the lugworm site. The lower microphytobenthic biomass may be caused by the lugworm feeding activity, since microphytobenthos is a major component in the diet of A. marina (Andresen and Kristensen 2002) . Additionally, low nutrient concentrations in the pore water may have caused lower microphytobenthic growth (Posey et al. 2002) . Van de Koppel et al. (2001) suggested alternate stable states of intertidal flats, where one state is characterized by high diatom cover and high silt content, while the other state is dominated by erosion with low diatom cover and silt content. In this context, the presence of lugworms seems to favor the second state. Surprisingly, higher Chl a content in surface sediment of the exclusion site did not result in increased gross photosynthesis rates, presumably indicating an accumulation of photosynthetic inactive Chl a of dead microphytobenthic cells at the lugworm exclusion site or dissolved inorganic carbon limitation due to reduced advective exchange (Cook and Røy 2006) .
The accumulation of fine material at the lugworm exclusion site was not restricted to the sediment surface but resulted in an increased incorporation and consolidation of this material in the subsurface sediment, forming a conspicuous sticky organic-rich sediment layer in 427-cm depth. This incorporation of fine material may be caused by advective cotransport (Rusch and Huettel 2000) and biogenic activities of benthic organisms. High abundances of tentaculate polychaetes like P. elegans were present during all years of this study, especially at the exclusion site (Volkenborn and Reise 2007) . These polychaetes are capable of enhancing particle removal from the water column and from the sediment surface, and their tubes may function as small sediment traps, bringing fine material to depths of 325 cm (Bolam and Fernandes 2003) . Increased abundances of the partly suspension-feeding polychaete N. diversicolor on the lugworm exclusion plot in the first year of the experiment (Volkenborn and Reise 2006 ; this study) may have also contributed to increased accumulation and consolidation of fine material (Davey 1994) . Thus, the observed changes in sediment characteristics are possibly not due to the absence of A. marina alone, but may be enhanced by other abundant benthic species responding to the experimental treatment. These demographic aspects emphasize a complex interplay of biological, physical, and chemical processes. Even though the underlying mechanisms of sediment clogging remain partly speculative, our results show interesting parallels to investigations by Goñ i- Urriza et al. (1999) , who also observed higher fine particle and organic content within a lugworm exclusion area of 2 3 8 m established by a wooden wreck buried in 10-cm depth.
The observed changes in sediment characteristics had significant implications for the delivery of oxygen into the sediment. For the determination of OCR a , we used a combination of different in situ and ex situ techniques (Table 3 ). In situ areal oxygen consumption rates were very variable in time (2.429.0 mmol m 22 h 21 ) but well within the range found in other field studies (e.g., Wenzhoefer and Glud 2004) . In sediment core incubations with low stirring speeds, the measured fluxes can be assumed to be the diffusive fluxes. These fluxes were four-to fivefold lower than the fluxes calculated by the combination of the in situ oxygen penetration under calm field conditions and the volumetric oxygen consumption rates measured by planar optodes. The discrepancy between sediment core incubation and in situ oxygen fluxes emphasizes the importance of advection induced by hydrodynamic forcing (Huettel and Gust 1992) . The exclusion of large macrofauna in incubated sediment cores may have also contributed to the lower OCR a (Glud et al. 2003) .
We suggest that the effects of lugworm-induced changes of the sediment characteristics on oxygen exchange processes depend on the hydrodynamic conditions. In sediment core incubations, where hydrodynamic forcing was minimal, areal sedimentary OCR were slightly higher at the lugworm exclusion site. This was an anticipated result, since the generally more reduced and organic-enriched character of the sediment at the exclusion site is likely to increase diffusive oxygen consumption due to the reoxidation of accumulated reduced compounds and increased organic mineralization (Banta et al. 1999; Papaspyrou et al. 2007 ). Considering the low oxygen penetration measured in situ at the exclusion site, sedimentary oxygen consumption occurs in a relatively thin active sediment layer. On the other hand, oxygen consumption at the lugworm site occurred in a thicker sediment layer with a generally lower volume-specific oxygen demand. At increased hydrostatic pressure, much deeper oxygen penetration at the lugworm site overcompensated for the lower volumetric oxygen uptake rates and may have resulted in significantly higher areal uptake rates (see also Fig. 6B ). Flushing events, e.g., by intense wave action during stormy periods, will thus permit efficient oxidative mineralization of organic material and removal of degradation products from deeper sediment layers and may be one reason that the lugworm tidal flat shared the low organic character of the subtital, more exposed sand. Interestingly, the spatial variability of the areal OCR in sediment core incubations was higher at the exclusion site, while the temporal variability of the areal OCR, calculated from in situ oxygen penetration and volumetric OCR, was higher at the lugworm site. The spatial variability of the areal OCR at the exclusion site reflects the inhomogeneous delivery of oxygen to subsurface sediment layers. With increasing hydrostatic pressures, surface water entered the sediment at the exclusion site mainly via burrow structures (Fig. 7A) . In contrast, the oxygen-rich water percolated through the entire sediment volume at the lugworm site (Fig. 7B) . The temporal variability of the areal OCR at the lugworm site indicates a higher susceptibility to physical and biological advection, resulting in dynamic oxygen penetration during inundation (Werner et al. 2006 ). Table 3 . Comparison of sedimentary areal oxygen consumption rates (OCR a ) at the exclusion and the lugworm sites based on different measurements. The diffusive oxygen flux was measured by sediment core incubations. Fluxes under calm field conditions were calculated by combining the oxygen penetration depths measured in situ and volumetric oxygen consumption rates measured ex situ by planar optode imaging. Potential oxygen fluxes during stormy conditions were estimated by combining oxygen penetration under high hydrostatic pressures (,30-cm water column) and the volumetric oxygen consumption rates measured with planar optode imaging. Note that SD of the diffusive flux reflects the spatial variability of OCR a between individual cores, while SD of the flux under calm field conditions reflects the temporal variability of OCR a during two subsequent submersion periods. The two extraordinarily high bioirrigative events at the lugworm exclusion site (see text and Fig. 8) The observed differences in sediment characteristics and exchange processes are not independent of each other. We do not regard each as separate evidence but as interacting variables that indicate a cohesive organic-enriched sediment character in the absence, compared to permeable organic-poor sand in the presence, of A. marina. We conclude that the effect of large burrowing macrofauna is closely linked to the hydrodynamic regime. Large-scale in situ approaches are necessary to detect the full spectrum of bioturbation and bioirrigation effects on the seafloor (Biles et al. 2002) because results may diverge from those found in the laboratory (e.g., Papaspyrou et al. 2007) . At least in semi-exposed fine sands, where a pit-and-mound topography generated by bioturbating infauna is frequently obliterated by water movements, the continuous bioturbation may lead to the maintenance of high sediment permeability that facilitates elevated benthic-pelagic fluxes and thereby affects sedimentary habitat characteristics.
